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ABSTRACT
 
Trihalomethanes (THMs) have been established as
 
significant by-products from the chlorination of raw surface
 
water. The reaction has been demonstrated to be influenced
 
by a number of source water quality and treatment
 
parameters. This study uses empirical data to examine the
 
formation of total THMs (TTHMs) during conventional
 
treatment of California Aqueduct water. The water quality
 
(pH, NTU, temperature, MPN and bromide concentration) and
 
treatment (total chlorine dose and application poiht, flow
 
rate, and dosages of treatment chemicals) variables were
 
examined for their relative contributions to TTHM formation.
 
Linear regression analysis was used for model development
 
employing significant variables to predict TTHMs. Raw water
 
bromide was found to have a significant influence on TTIMs
 
when considering mass but not molar concentrations. It was
 
determined that bromide alone is not a good surrogate for
 
TTHMs. The most influential variable on TTHMs is chlorine
 
dose. Raw water chlorination is also highly correlated with
 
increasing TTHMs. Both chlorination parameters increased
 
mass and molar concentrations of TTHMs, with a slightly
 
higher correlation with molar than mass concentration.
 
Models to predict TTHMs were developed which included
 
bromide, raw water chlorination and total chlorine dose.
 
The models were found to predict within + 20% of measured
 
TTHMs for up to 70% of the database and 61% of new data.
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INTRODUCTION
 
Public concern over chemical contamination of the
 
environment geherally and particularly of our water supply
 
is great. The possibilities of waterborne diseases and
 
chemical carcinogens in our drinking water are areas of
 
active and sometimes emotionally charged interest (1,2,3,4).
 
Concerns over the toxicology of disinfectants and
 
disinfectant by-products (DBPs) in our drinking water have
 
prompted much research (1,3,5,6) and government regulation
 
(7,8,9), although not always in that order. Public interest
 
and fear have motivated the United States government to
 
enact laws mandating standards of quality for drinking water
 
overseen by the United States Environmental Protection
 
Agency (EPA).
 
The first federal standards for drinking water were
 
issued in 1914 for interstate water supply protection. In
 
1962 mandatory limits were adopted regarding hazardous
 
chemicals and biological contaminants in interstate water
 
supplies (4). The Safe Drinking Water Act (SDWA) of 1974
 
applied primary drinking water standards to all public water
 
supplies in the United States (7,10). The SDWA also
 
mandated that the EPA conduct a comprehensive survey of
 
public water supplies to determine the nature, extent,
 
source, and means of control of contamination by substances
 
suspected of being caroinogenic (7,11). Prompted by an
 
earlier report of organic chemicals in New Orleans drinking
 
water, this study involved the water supplies of 80 cities
 
in the National Organics Reconnaissance Survey (NORS) (11).
 
Reports of organohalides in drinking water appeared as
 
early as 1970 but technical and analytical limitations
 
prevented the identification of their source (12,13). In
 
1974, J.J. Rook (14) and T.A. Bellar et al (12) identified
 
the presence of chlorinated organics and other haloforms in
 
drinking water supplies. They identified the source as
 
being the result of the chlorination process during water
 
treatment and noted that the organohalides were in highest
 
concentration where raw surface waters were used (12,14).
 
Rook proposed the reaction involved the chlorination of
 
humic substances ,or organic matter, in the water (14,15).
 
The NORS looked for the presence of 1,2-dichloroethane,
 
carbon tetrachloride and the four compounds identified as
 
trihalomethanes (THMs); chloroform (trichloromethane).
 
bromodichloromethane, dibromochloromethane, and bromoform
 
(tribromomethane). All of the systems tested had chloroform
 
in their drinking water and while all did hot have the
 
brominated compounds enough did so that the result was to
 
"consider their occurrence widespread" (11). The other two
 
compounds surveyed, 1,2-dichloroethane and carbon
 
tetrachloride, did not occur as frequently. When they were
 
found, one-third of the time they were in the raw water as
 
well. The conclusion of the NORS was that THMs are
 
ubiquitous in chlorinated drinking waters and result from
 
chlorination. Significantly, as will be discussed below,
 
all of the systems studied were using surface water sources
 
which provide precursors necessary for the formation of
 
THMs.
 
The results of the NORS inspired the EPA's promulgation
 
of the November 26, 1979 establishment of a maximum
 
contaminant level (MGL) for total THMs (TTHMs) (7,8,13,16).
 
The MCL for the summation of all four compounds, or TTHMs,
 
was set at 0.10 mg/L (milligrams per liter) as a running
 
average.
 
Public concern over the drinking water supply still was
 
not satisfied by existing regulations. This led to the
 
development of amendments to the Safe Drinking Water Act
 
(SDWA) which were adopted by the United States Congress June
 
19,1986(17). As recently expressed by G.J. Smith, 1990, the
 
motivation for regulation is public fear:
 
"From a regulatory perspective, we see that the
 
American public is very concerned about drinking water
 
health effects, especially since water has been
 
accused of being the source of every malady from
 
Alzheimer^s disease to cancer to heart attacks" (18,
 
p.30)
 
The SDWA amendments required the EPA to regulate 83
 
contaminants by June 1989 and 25 additional contaminants
 
every 3 years thereafter (8,17). The first group of 25
 
contaminants proposed for regulation by the EPA included
 
THMs, disinfectants and DBPs (8,19). The possible levels
 
for the establishment of a new TTHM standard are in the 5-50
 
ug/L (miGrograms per liter) range. Alternatively, the TTHMs
 
may be regulated in the 50-100 ug/L range but include
 
variable individual THM MCLs (20). Either way, the
 
reduction of MGL fOr TTHMs or individual THM MCLs will force
 
major Changes in disinfection and water treatment practices
 
accompanied by greatly increased costs (8,19,21).
 
The cost of compliance with the O.lOmg/l TTHM rule
 
involved capital expenditures of $31 to $102 million and
 
yearly operating costs of $8 to $29 million for utilities
 
serving more than 10,000 people (22). The costs for
 
compliance with the new rule are estimated to exceed those
 
figures drastically and will depend upon the actual MGL
 
established (8,19,22,23). It is also likely that there will
 
be a large number of utilities that will not be capable of
 
meeting a significantly lower MGL requirement with poor
 
quality source waters and available technology
 
(8,19,22,24,25,26,27,28,29).
 
As stated in the theme introduction of the October 1990
 
issue of the Journal of the American Water Works Association
 
(AWWA), the water industries' foremost publication:
 
"^Ingest a tiny bit of this every day for 70 years
 
and your odds of getting cancer are 1 in a million^ if
 
our mouse test data and dose-response extrapolation
 
models can be trusted,^ is hardly a hair-raising risk
 
assessment, especially when such verdicts have been
 
handed down on just about everything in the food chain.
 
People could be more likely to die of a heart attack
 
when they hear the price tag for regulating such
 
poisons" (20,p.43),
 
The above quote identifies the significant controversy
 
surrounding the existing and proposed MCLs for TTHMs versus
 
the need or justification for regulations. Water
 
chlorination for disinfection has been used since the turn
 
of the century and its significance in reducing waterborne
 
diseases has been well documented (30,31), the toxicology of
 
THMs is still under investigation.
 
In 1978 representatives of the EPA wrote that if a
 
chemical was "suspect" it was reason enough for regulation
 
(9). As the number of chemicals and DBFs found in water
 
increases, the rapidly developing science of risk assessment
 
is of utmost importance (8,20,32,33,34). Science is needed
 
to evaluate whether there are significant risks involved
 
with the presence of these chemicals in drinking water or
 
not (4,8,13,19,22,35). Justification for the great
 
expenditures expected must come from the need for the
 
protection of public health, not from unfounded public
 
panic.
 
Concurrently, research regarding the techniques of
 
minimization or removal of chemicals and contaminants in our
 
drinking water is also needed. Since the 1974
 
identification of DBFS, particularly the THMs, research and
 
interest in the water industry has grown tremendously. In
 
the Journal of the American Water Works Association, theme
 
issues where the entire journal was devoted to THMs or DBFs
 
have been presented in 1978, 1982, 1984 and 1990
 
(23,36,37,38). In 1984, just 10 years after the
 
identification of THMs in drinking water, the AWWA
 
publications catalog listed 152 titles under the heading
 
trihalomethanes (37). The research on THMs involves several
 
necessary areas, ranging from first the identification and
 
characterization of the reactions and the precursors, to the
 
variables that influence the rate and products of the
 
reactions, and finally to treatment practices that can be
 
used to limit or eliminate the reactions.
 
THE REACTION
 
Rook (14,39) proposed a simplified mechanism for TIM
 
formation involvirig the reaction of chlorine with precursor
 
material. He identified naturally Occurring humic
 
substances as the probable organic precursors but did not
 
exclude the possibility of others. Rook also noted that the
 
presence of bromide in natural waters contributed to the
 
reaction that formed the brominated THMs.
 
Drinking water is most usually chlorinated using
 
gaseous chlorine (CI2). Wheu elemehtal chlorine is
 
dissolved in water it hydroiyses rapidly and extensively as
 
shown in equation 1 (40,41):
 
equation 1: CI2 + H2O > HOCl + H+ + Cl-

The resulting hypochlorous acid is a very good oxidant and
 
also substitutes C1 into organic molecules to form
 
organohalides (40,41,42,43,44). Hypochlorous acid and
 
chlorite ion exist in equilibrium in water dependent upon
 
the pH, equation 2:
 
equation 2: HOCl <==> H+ + OCl-

The bromide ion and chlorine react as in equation 3(45):
 
equation 3: CI2 + 2Br- > Br2 + 201­
Bromine dissolves in water a:s seen in equation 4 (46):
 
equation 4: Br2 + H2O <==> H+ + Br- + HOBr
 
OR 2Br2 + 2H2O <==> 4H+ + 4Br— + O2
 
Equation 5 exhibits the reaction that occurs between
 
hypochlorous acid and bromide:
 
equation 5: HOGl + Br- > HOBr + Cl-

The substitution reactions to form organohalides occur with
 
hypochlorous or hypobromous acid and organic precursor
 
material as seen in equations 6 and 7 (40,41,42,43,44).
 
equation 6: HOCl + precursor —> CHCI3
 
equation 7: HOBr + Cl- + precursor -—> CHCl2Br +
 
GHClBrj + GHBrj
 
In comparing the kinetics of these reactions it has
 
been determined that hypochlorous acid acts preferentially
 
as an oxidant when compared to hypobromous acid which
 
performs substitution reactions preferentially and more
 
rapidly than hypochlorous acid (15,40,41,42,43).
 
INFLUENCING VARIABLES
 
The haloform reaction is extremely sensitive to a great
 
number of parameters. To attempt control over the reaction
 
these varying influences must first be clarified.
 
Paramount is the source water quality which is
 
characterized by the bromide concentration, pH, temperature
 
and type and amount of components accounting for the total
 
organic carbon (TOO). Treatment parameters such as pH
 
during chlorination, point of chlorination, contact time and
 
chlorine dose influence the reaction rate and concentration
 
of THMs formed as well.
 
BROMIDE: Rook postulated in 1974 (14) that if bromide
 
was present in water chlorine would oxidize it and thus
 
allow the brominated TNM compounds to be formed. As
 
demonstrated in equations 3, 4, 5 and 7, this is indeed the
 
case. The influence of the bromide ion on the reaction
 
rates and yield of the reactions has since been
 
demonstrated. In 1978 it was reported that bromide seemed
 
to react with precursors more rapidly (47) and investigation
 
into bromide's effect on the yield of the reactions was
 
called for (15). By 1982 the fact that increasing bromide
 
concentration in raw waters resulted in increased TTHMs had
 
been well documented by numerous studies (e.g. 44,48,49,50).
 
Bromide concentration in the microgram per liter range
 
affects not only the yield of the reaction but also the rate
 
and product distribution among the four forms of THMs
 
(51,52,53). Bromination of organics is significantly
 
favored over their chlorination (42,46,54), and when bromide
 
is present, it preferentially shifts the reaction to bromine
 
containing THMs (28,42,43,51,55,56). Moreover it has been
 
shown that the bromide ion Shifts the overall organohalide
 
DBF reactions to THM products containing bromine (24,56,57).
 
It has been demonstrated that 40-60% of the bromide in
 
raw water is incorporated into THMs during chlorination
 
whereas only 10-20% of the raw water chloride is (28,43).
 
The effect of bromide on the THM reaction has been
 
studied extensively, and the fact that the concentration of
 
THMs increases with increasing bromide concentration has
 
been well established (24/28,42,43,51,52,53,55,56,57).
 
However, it should be noted that these studies, and the
 
conclusions drawn from them, dealt with weight
 
concentrations. The atomic weight of chlorine is 35.453
 
while that of bromine is more than twice that at 79.904.
 
Therefore, the more highly brominated THMs weigh more than
 
the chlorinated ones which may account for the observed
 
increase in weight concentration of TTHMs. It would be
 
interesting to review the past research efforts in this
 
light, determining molar amounts of product to see if
 
bromide concentration really increases the molar
 
concentration of TTHMs or simply increases the total weight
 
of the compounds. This study will evaluate results in both
 
weight concentration and molar concentration terms.
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pH: AcGording to the 1975 NORS, higher pH^1
 
the point of chlorination will result in higher TTHMs
 
production (11). Numeroias studies followed confirming this
 
relationship, and the direct influence of pH upon reaction
 
yield was clearly demonstrated (15,39,44,47,48,53,54,58,59,
 
60,61,62). Both in the experimental laboratory and
 
treatment plant operations it has been conclusively
 
demonstrated that if the pH at chlorination is raised more
 
TTHMs are produced, whereas if it is lowered less TTHMs are
 
formed.
 
The reports do not try to explain the mechanism of the
 
pH influence but the empirically derived evidence has been
 
vast. Aqueous chlorine is a better oxidizer at lower pH
 
shifting the equation to the right to form more
 
hydrochlorous acid (see equation 1) under more acidic
 
conditions (31). This effect is evident in the oxidation of
 
bromine by chlorine which slows at higher pH values (43).
 
One could postulate that since hypochlorous acid is a more
 
active oxidizer at lower pH more of the organic precursor
 
material is oxidized before substitution reactions take
 
place, thereby minimizing the yield by reducing the
 
precursor concentration. Knowledge of the mechanism of
 
action is not iitunediately necessary to gain beneficial use
 
of the direct relationship between pH and TTHM production in
 
raw water treatment.
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The increase in TTHMs as a function of pH has been
 
demonstrated both in the presence (15,39,44,54) and absence
 
(15,39,58,59,61) Of bromide.
 
TEMPERATURE: Temperature has a direct influence on
 
TTHM yield. Laboratory experiments andl plant scale studies
 
have shown that as water temperature increases the reaction
 
rate and product concentrations increase and the reverse
 
holds true as well (15,24,28,39,44,48,49,53,63,64,65).
 
ORGANIC PREGURSORS; The NORS determined that the
 
dominant factor influencinig the creation of chlorinatiph
 
by-products was the general organic leyel of the Water,
 
measurable as TOC (11). The fact that highet average TTHMs
 
are observed where surface w^ter is Ghlorinated was also
 
noted by Rook, Bellar et al, the NORS and others
 
(11,12,14,39,58). Raw water, water before any treatment has
 
been applied, and most notably raw surface water, contain
 
high levels of TOC (24,39,44,54,66).
 
The precursors for the THM reaction are the compounds
 
containing organic carbon which exist in natural waters.
 
Humic substances, humic and fulvic acids, are the most
 
abundant precursors (28,42,67,68,69,70). Algae biomass
 
(71.72.73) and, particularly, algal extracellular products
 
(72.73.74), proteins (74), as well as man made synthetic
 
organic chemicals (75) and some coagulant aids added during
 
water treatment (51,76) can also serve as precursors.
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Humic substances are chemically complex
 
polyelectrolytes or macromolecules which are amorphous,
 
acidic, hydrophilic, and predominately aromatic
 
(28,67,68,77). In natural waters humic substances are
 
negatively charged and are usually colloidal
 
(68,77,78,79,80,81). The charge density and configuration
 
of the humic macromolecules are more stable at higher pH
 
levels (77,82). The molecular weight of humic substances
 
range from a few hundred to tens of thousands and their
 
specific compositional characteristics will vary greatly
 
reflecting the different soil, vegetative and environmental
 
conditions from which they originate (24,28,67).
 
As in any chemical reaction the concentration of the
 
reactants will determine the concentration of products. The
 
NORS results showed the relationship of concentration of
 
organic matter in the water to TTHMs when is was noted that
 
chlorinatibn of raw water yielded higher average TTHMs than
 
chlorination of treated water (11). In 1976, Rook (39)
 
demonstrated a direct relationship between fulvic acid
 
concentration and TTHMs. Using various analytical methods,
 
all essentially measuring the amount of organic carbon in
 
the water, this effect has been confirmed numerous times
 
(44,49,53,54,61,66,70,83,84). THM formation is influenced
 
by the source and type of organic precursors as well as
 
their abundance.
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In 1980, Hoehn et al (72) and Briley et al (73)
 
reported that algae and algal extracellular products (ECP)
 
could be THM precursors. Hoehn et al (72) found that
 
dissolved EGP were more reactive than suspended biomass and
 
both studies showed different degrees of reactivity related
 
to different stages in the algal life cycle. A later study
 
in 1988 (74) found algal proteins to be THM precursors and
 
that more proteins are available during algae blooms. In
 
light of the effect of elevated pH and temperature on
 
increased THM yield, it is interesting to note that water pH
 
elevation is observed with the growth and bloom of aquatic
 
algae during warm weather (85,86,87). In this situation,
 
higher pH results from intense photosynthetic activity of
 
the algae, in which the carbonic acid-bicarbonate^carbonate
 
balance is shifted to the right (88).
 
The source-related properties and THM reactivity
 
evident in the algal studies have also been observed with
 
other h\amic substances (49,54,66). Collins et al (68)
 
concluded that source related properties of aquatic organic
 
material affect their reactivity in forming THMs. These
 
properties include molecular weight, functional group
 
carboxylic acidity and humic substance content.
 
Molecular weight as a significant property of humic
 
substances' propensity for halogenation was examined by
 
Trussell and Umphres (15). They found that the higher
 
molecular weight humic acids were more reactive with
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chlorine than the lower molecular weight fulvic acids.
 
Numerous other researchers have confirmed that one of the
 
most important attributes of humic substances reactivity in
 
the THM reaction is molecular weight (28,67,68,69,89),
 
CHLORINE; Chlorine is an essential part of the
 
reaction to form THMs. As seen in the reaction equations
 
(see equations 1-7) chlorine is involved as an oxidant as
 
well as being substituted into organic molecules to form
 
THMs. Chlorine has been used in drinking water since the
 
late 1800s as a very effective disinfectant and oxidizer for
 
the control of taste and odor problems (31).
 
In 1974 it was discovered that chlorinated drinking
 
water contained organohalides, especially THMs (12vl4). The
 
1975 NORS conclusions revealed that maintaining a chlorine
 
residual above 0.4 mg/L increases the average TTHMs (11).
 
Experiments that followed showed there is indeed a
 
relationship between increasing chlorine dose and increasing
 
TTHMs (15,39,42,44,48,49,53,54,61).
 
The NORS (11) observed that chlorination of raw water
 
resulted in higher TTHMs. The importance of point of
 
chlorination in the treatment train involves not only the
 
amount of precursors available (58,90) but also contact
 
time.
 
Rook (39) studied the THM reaction in 1976 and
 
determined that the reaction occurred very rapidly at first
 
then a slower but steady increase in products, especially
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chloroform, followed. This pattern of rate of formation and
 
increase in concentration with time has been very
 
conclusively confirmed (42,44,49,54,59). Contact time is
 
not as significant in rapidly forming bromoform, it has been
 
shown that bromination does not significantly increase after
 
the first day (56).
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 REDUCING TRIHALOMETHANES
 
The development of knowledge of presence of THMs in
 
drinking water led to attempts to reduce their occurrence.
 
Regulations promulgated by the EPA on Nov. 29, 1979,
 
establishing a MCL and monitoring requirements for TTHMs,
 
were accompanied by suggested methods to meet the MCL (7).
 
The 	best available technologies listed to meet the 0.10 mg/L
 
limit were to (7):
 
1. 	Improve clarification to remove precursors.
 
2. 	Use chloramine as an alternate disinfectant.
 
3. 	Use chlorine dioxide as an alternate disinfectant.
 
4. 	Move the point of chlorination.
 
5. 	Use powdered activated carbon to remove precursors
 
or to remove the THMs after they are formed.
 
Additional methods suggested as possibly beneficial were
 
(7):
 
1. 	Off-line Storage for THM precursor reduction.
 
2. 	Use aeration for THM removal where appropriate.
 
3. 	Use clarification if not currently used.
 
4. 	Find alternative sources of raw water (presumably
 
with lower TOC level).
 
5. 	Use ozone as an alternate or supplemental
 
disinfectant.
 
CLARIFICATION; Optimization of precursor removal with
 
the 	goal of lowering TTHMs has been the focus of numerous
 
laboratory-scale and plant-scale studies(68,91,92).
 
Clarification has been shown to be variably effective for
 
the 	removal of THM precursors(47). In a conventional
 
treatment plant design, raw water enters the plant mixing
 
chamber where chemical coagulants are added. The coagulant
 
most commonly used is alum (aluminum sulfate), but also used
 
are 	ferric or other aluminum salts and/or organic polymers.
 
. ■ 17 „ 
The coagulant forms a floe which attracts particles and
 
large molecules in the water and then settles out. After a
 
settling period the clarified water is filtered to remove
 
any residual turbidity. The purpose of coagulation is to
 
destabilize colloids and particles, to oxidize precursors
 
and then to precipitate or adsorb these compounds (78,79).
 
One proposed mechanism of alum coagulation is that the
 
positive aluminum hydroxide coats the negatively charged
 
particles (including the negatively charged humic
 
substances) which then form a precipitate that settles out
 
(78,80,81). Sometimes coagulant aids, such as organic
 
polyelectrolytes, are used to assist in the flocculation
 
process.
 
The type and source of precursor material has been
 
shown to affect alum's efficiency of removal (79,93,94,95).
 
Alum has been/ found to remove higher molecular weight
 
compounds more efficiently than those of lower molecular
 
weight (28,70,79). Lower molecular weight compounds are
 
more readily removed using adsorption processes such as
 
through use of activated carbon (28,75) or by oxidation
 
(28). Alum's specificity for higher weight compounds is
 
fortunate since the higher molecular weight organics are the
 
more reactive in forming THMs. In a 1990 review, alum
 
coagulation has been shown to have removal efficiencies of
 
between 50% to 90% of all precursors (69).
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The optimization of coagulatipn involves determining
 
the variables that may influence the process. Numerous
 
studies have demonstrated alum's optimal pH is 5
 
(78,82,93,96,97). Alum itself serves to lower the pH of
 
water when added. Limits exist for acceptable pH for
 
drinking water based on need for corrosion control and
 
public health. While a lower pH is also preferable to
 
reduce THM formation as previously discussed, raising the pH
 
after treatment does not help reduce THMs during
 
chlorination contact time. Lowering the pH to 5 to optimize
 
coagulation and to destabilize humic substances, then
 
raising it after filtration has not been demonstrated to be
 
a cost-effective or desirable undertaking in view of capital
 
expense and maintenance problems.
 
Coagulant aids may have the potential to increase the
 
efficiency of the clarification process. While Various
 
organic polymers have been used for this purpose, study in
 
this area has been limited. A 1987 study found that polymer
 
coagulant aids did help turbidity removal but not THM
 
precursor removal (98). The possibility that the polymers
 
or contaminants in the polymer products may serve as
 
precursors themselves has been suggested (51,76). Numerous
 
reports of the use of calcium (Ga"^^) or sodium (Na+) have
 
demonstrated the beneficial effects of cations to aid alum
 
coagulation (79,82,99).
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While it could be expected that temperature would
 
influence alum's ability to remove precursors, a 1986 study
 
by Knocke et al (64) concluded that it did not.
 
GHLORINATION POINT; Reductions of TTHMs formed as a
 
result of moving the chlorination point have been reported
 
to reduce THMs by 50% to 62% (83,100). Removal of the
 
precursors to THMs is beneficial only if it precedes the
 
application of chlorine (11,58,91,101). Several plant and
 
distribution system studies have confirmed the advantages of
 
changing the point of chlorination from the raw water
 
("prechlorination") to clarified water ("postchlorination")
 
(58,102,103).
 
Post chloination provides the advantages of greatly
 
reduced levels of precursors, minimization of chlorine-

precursor contact time (104), and lowered pH of the water
 
(62), all of which reduce THMs in the final product.
 
Traditionally the pH of calcium carbonate saturation
 
(Langlier Index) has been sought to minimize the
 
corrosiveness of water (105). This meant, for waters of
 
average alkalinity and hardness, using caustic soda (sodium
 
hydroxide) to elevate the pH above 8. As noted above, more
 
THMs are produced with chlorination at higher pH so
 
alternate methods of corrosion control have been sought.
 
Zinc orthpphosphate has been shown to be an effective
 
corrosion inhibitor at pH 6.5 to 8.2 (62). The lower pH can
 
be beneficial for reducing TTHMs.
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ALTERNATE DISINFEGTANTS; Alternate disinfectants to
 
lower TTHMs may be useful either to: 1) replace
 
prechlorination with a different oxidant to oxidize
 
precursors and control biological activity within the
 
treatment plant, or 2) replace the free chlorine residual
 
maintained in drinking water throughout the distribution
 
system for microbiological control.
 
The EPA published a 1982 project summary on how to
 
study alternate disinfectants to reduce or eliminate THMs in
 
finished drinking water (water having gone through
 
treatment) (106). The main goal was stated to be to reduce
 
disinfection by-products in finished water "without
 
compromising the microbiological quality of the water".
 
Depending upon the raw water quality, microbiological,
 
biological, taste and odor problems may develop in a
 
treatment plant without the use of a preoxidant (107).
 
Potassium permanganate (KMn04) has been used successfully as
 
a preoxidant (99,108,109,110). KMn04 works well with alum
 
(99) because manganese dioxide, resulting from the reduction
 
of KMn04, can act to adsorb THM precursors and aid in their
 
removal (99,108). KMn04 is more reactive at higher pH which
 
is an advantage when the raw water pH is high (108).
 
Potassium permanganate, however, is not a strong enough
 
disinfectant for success in maintaining the microbiological
 
quality of water in the distribution system (55,90).
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Chlorine dioxide (ClOj) has been used in drinking water
 
treatment since 1944 (111). ClOj has been shown to be
 
effective as both preoxidant (109,112) and postoxidant
 
(55,111,113). While very effective in reducing THM
 
precursors by oxidation and THMs by eliminating a high free
 
chlorine residual, ClOj has its disadvantages. Chlorite and
 
chlorate are harmful by-products of the reduction of ClOj
 
(109,114) and a dose of <1.0 mg/L must be used to keep these
 
non-THM by-products below limits. Major capital
 
expenditures and training of operators is necessary to
 
implement ClOj in a plant not designed for it (55). Current
 
California Department of Health Services regulations for
 
chlorite, chlorate and chlorine dioxide preclude its use in
 
California (29).
 
Ozone is an oxidant used primarily as a preoxidant
 
followed by another disinfectant in the finished water.
 
Ozone has been shown to aid in precursor removal (102,103).
 
In a 1990 study, Myers concluded, based on cost and
 
effectiveness in reducing THMs, ozone was better than
 
monochloramine which in turn Was better than chlorine.
 
However, there are also harmful by-products of bzonation,
 
such as bromate (19,114), formaldehyde and acetaldehyde
 
(57).
 
Chloramine has been used with success by a number of
 
agencies to reduce THMs (29,55,103,112,115). Switching a
 
plant from chlorination to chloramination is simpler than
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implementing ClOj or ozone (55,103). Chloramine is formed
 
by adding ammonia to chlorinated water, the resulting
 
desired monochloramine is more stable and does not form THMs
 
as readily as free chlorine (55,57,59,103). It is also a
 
weaker oxidant than chlorine which may make it difficult to
 
meet the disinfection contact times required under new
 
Surface Water Treatment regulations (21,29). Chloramination
 
must be closely monitored to avoid forming undesirable,
 
though unregulated, harmful by-products such as di- and tri­
chloramines. Monochloramine is toxic to aquatic life
 
(19,57).
 
ACTIVATED CARBONt Activated carbon in two forms,
 
powdered or granulated, has been used to remove THM
 
precursors (80,113,116,117,118,119) as well as to remove
 
THMs (90,103,117). Preventing THMs from occurring is more
 
cost-effective than removal in most cases (90,117). While
 
activated carbon may be a useful supplement to chemical
 
coagulation, alone it compares unfavorably to alum's percent
 
removal of precursors. Carbon may be particularly useful
 
for lower molecular weight precursor removal where aluiti is
 
less efficient (28,75).
 
ALTERNATE TREATMENTS; Softening with lime has been
 
shown to remove THM precursors as effectively as alum
 
coagulation with certain raw waters (91,115,120). Membrane
 
softening has also been shown to reduce THM formation via
 
precursor removal (121). Removal of hquatic organic
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substances has also been reported with anion exchange
 
resins. Fu and Symons reported in 1990 that the use of
 
cation-anion exchange resins after conventional treatment
 
and filtration removed up to 80% of precursors before
 
postchlorination (122).
 
Removal of THMs after they are formed is another
 
possibility. Activated carbon has been used with success
 
but very high costs and disposal problems make it
 
undesirable* Aeration, or air striping, has been shown to
 
be an effective method to remove THMs based oh the
 
compounds' volatilization coefficients from Water (103,123)
 
but pose problems for air guality regulatiohs. Another
 
possibility for removal of disinfection by-products has been
 
suggested by Groue and Reckhow, 1989, as destruction with
 
sulfite which would break down the DBPs (124). Further
 
study of by-products produced and chemicals that could be
 
used is necessary before evaluation of the use of chemical
 
reduction of THMs could be complete.
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 STATEMENT OF THE PROBLEM
 
The Antelope Valley East Kern Water Agency (AVEK) is
 
one of several agencies receiving Water from the California
 
Aqueduct supplied from the Sactamento-san Joaquin Delta. In
 
fact/ water for over 20 million Californians and more than
 
half of California's farm irrigation comes from this source
 
(26,29). Numerous surveys of the Water quality of the Delta
 
and California Aqueduct have shown that DBP precursors and
 
bromide are significant problems (24,29,125). Treatment
 
practices to make the highest quality drinking water,
 
meeting State and Federal requirements, are of utmost
 
iinportance to all who tise this source.
 
The Gonipiexity Of Thm fbrmatibh and control is obyious
 
from the information presentsd above in the introduction.
 
The interactions between variables are numerous and
 
compounding (and confounding!) At AVEK I have performed
 
several studies where data have been collected and analyzed
 
in a study of variation of nine different parameters; pH
 
levels, oxidant (KMn04), coagulation aids, activated carbon,
 
rechlorination, chlorination point, raw water quality, off
 
line raw water storage, and retention time. Success in
 
lowering TTHM concentration has been realized by l) using
 
zinc orthophosphate for corrosion control instead of raising
 
the pH with sodium hydroxide, 2) using no pre-oxidant or
 
using KMn04 as a pre-oxidant, 3) optimizing plant
 
maintenance and treatment efficiency, 4) reducing retention
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time, 5) using rechlorination to reduce chlorine dose and
 
contact time (126). Constantly changing raw water quality
 
and treatment Conditions cause problems in useful and
 
consistent analysis and evaluation of data.
 
A baseline is needed for comparison to determine
 
whether treatment is optimized for any set of raw water
 
conditiohs. Without the availability of parallel treatment
 
plants with the capability of providing different treatment
 
regimens, it is difficult to determine whether the treatment
 
is optimum for the raw water quality on any given day.
 
In addition to the need for a baseline from which to
 
analyze treatments, surrogate parameters are needed for
 
TTHMs. The analysis of TTHMs is time-consuming and costly.
 
Severai surrogates have been shown to be indicators for TTHM
 
formation. TOC is perhaps the most utilized of surrogates
 
and has shown to be a good indicator for TTHM formation by
 
numerous researchers (63,64,79,82,98,104,112,117,119).
 
However others have found TOC not to correlate well with
 
TTHMs (11,91,94,127). Perhaps the difference in results
 
reflects the substances comprising the TOC and their varying
 
reactivities for forming TTHMs. The use of ultraviolet (UV)
 
absorbance at 254 nanometers has also met with mixed
 
reviews, some finding good correlation (63,69,70,93,98,104,
 
128,129) and others poor correlation with TTHMs
 
(11,103,127).
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since bromide has been found to be one of the major
 
factors in TTHM formation, especially in Delta water
 
(24,125,130), its usefulness as a surrogate will be tested
 
in this study.
 
Developing a model to predict TTHMs based upon one or
 
several variables would provide the framework for treatment
 
optimization and help elucidate the interactions taking
 
place. Several models have been prpposed, however, they
 
have been shown to be source specific (15,53,54,61,70,
 
129,131,132,133,134). The models already developed have
 
been predominantly intended for chlorinating raw water
 
without any other treatment. A good predictive model,
 
specific for the California Aqueduct water undergoing
 
conventional treatment, is needed. From this model,
 
optimization experiments could be evaluated, the reactions
 
would be better understood, and the ultimate control over
 
THM and DBP formation could be sought.
 
This study attempts to develop a model for predicting
 
TTHM formation undergoing conventional treatment. The
 
parameters Which will be evaluated will be pH, temperature,
 
total coliform bacteria density (MPN), NTU, bromide
 
concentration, and treatment parameters singly and
 
multiplicatively. TOG and UV absorbance measurements have
 
been omitted only because the capabilities of the in-house
 
laboratory do not include these analyses. This study is
 
unique in that the data used is empirical data, obtained
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from treatment plant samples. This results in varying
 
combinations of variables, unlike the traditional laboratory
 
or pilot plant experiments where one variable is manipulated
 
While others are held constant.
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METHODS AND MATERIALS
 
DATABASE; The samples used for the database were
 
collected beginning July 1988 through October 1991. The
 
samples were collected at least quarterly and sometimes more
 
frequently when special tests were performed. The samples
 
were collected from fOur different treatment plants, all
 
receiving water from the California Aqueduct in Southern
 
California. All planbs use conventional treatment with alum
 
coagulation, sedimentation, and dual media filtration.
 
Three of the plants^ Acton (A), Eastside (E), and Quartz
 
Hill (Q) have direct turn-outs from the aqueduct. The
 
Rosamond (Rm) plant receives water through an enclosed 25
 
mile gravity pipeline from the aqueduct to a 6 million
 
gallon concrete lined raw water reservoir which then
 
supplies the plant.
 
The Rosamond plant received high quality well water
 
during 1991 and was omitted from the study during that
 
period. The Acton plant did not begin operation until 1991
 
and only one sample was available for this study. Samples
 
that did not have Complete information available were not
 
included.
 
The water average quality and treatment parameters were
 
measured for the two days preceding and the sample day and
 
are presented in Table 1. The THMs and bromide
 
concentrations were measured On the sample day only. The
 
plant influent (PI) water quality parameters measured on
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 TABLE 1: DATABASE. Data for variables utilized in statistical calculations and model formation. (Continued next page),
 
SAMPLES: DEPENDENT VARIABLES:
 INDEPENDENT VARIABLES:
 
PLANT/DATE	 CL3 BDCM DBCM BR3 TTHMs PIBRMIDE PINTU PITEMP PIMPN PIpH CWRpH RESIDCL2
 
ug/L ug/L ug/L ug/L ug/L rag/L NTU °C mg/L
 
A. 8/29/91 12 30 56 22
 120 0.38 12 24 2400 8.23 7.56 1.0
 
E. 5/9/89 5 8.6 10
 2.0 25.6 0,09 9,5 21 16 8,33 6.97 0.70
 
E. 9/5/89 1.9 6.5 13 6.9 28.3 0.20 9,3
 22 6 7.45 6.60 0.35
 
E. 3/26/90 2.9 9.6 22
 14 48.5 0.28 9.6 17 38 8.10 7.07 0.50
 
E, 6/19/90 2.9 16 34 29 81.9 0.36 6.5 22 380 8.05 7.48 0.50
 
E. 8/30/90 7.4 20 35 18 80.4 0.35 1.6 24 2400 8.38 7.38 0.60
 
E.10/30/90 0.69 2.6 11 17 31.3 0.34 2.5 19 640 8.68 7.37 1.1
 
E.12/13/90 0.88 3.4 18 44 66.3 0.51 4.8 12 13 8.02 7.18 0.50
 
E. 6/27/91 8.7 24 40 19 91.7 0.34 12 20 2400 7.82 6.83 0.75
 
E. 8/29/91 6.0 22 49 24 101 0.39 5.8 23 2400 7.77 6.65 0.55
 
E. 9/11/91 3.4 12
 34 22 71.4 0.35 2.6 23 1400 8.02 6.68 0.55
 
E.10/10/91 0.42 7.2 25 22 54.6 0.33 5.8 23 2400 7.75 6.62 0.70
 
Q. 5/9/89 16 10 6.5 <0.5 32.5 0.07 8.6 22 75 8.09 7.04 0.80
 
Q. 9/5/89 7.6 16 16 4.5 44.1 0.20 5.8 24 25 7.62 7,05 0.40
 
Q. 3/26/90 8.6 15 20 7.3
 50.9 0.28 2.7 17 56 7.80 7.34 0.50
 
Q. 6/19/90 4.0 15 28 24 71.0 0.37 2.7 21
 120	 7.85 7.35 0.75
 
Q. 8/30/90 4.0 11 20 17 52.0 0.36 2.1 24 1230 8.23 7.54 0.55
 
o	 Q. ^ 9/6/90 5.3 16 22 11 54.3 0.26 3.2 24 2400 7.82 7.42 0.40
 
Q.10/30/90 1.1 5.4 18 23 47.5 0.32 1.5 19 730 8.56 7.42 0.50
 
Q.12/13/90 2.6 10 33 28 73.6 0.48 3.5 13 150 8.14 7.34 0.75
 
Q. 6/27/91 11 30 43 14 98.0 0.39 9.6 20 1600 8.06 7.09 0.35
 
Q, 8/15/91 10 30 56 14 110 0.44 6.0 22 700 7.88 7.21 0.50
 
8.4	 25 48 18 99.4 0.32 7.5 23 2400 8.02 7.32 0.50
 
Q. 9/10/91 2.4 8.1 22 16 48,5 0.36 2.6 23 2400 7.97 7.31 0.80
 
Q.10/10/91 1.2 , 9.6 27 26 63.8 0.31 4.0 22 5800 7.81 7.19 0.50
 
Rm. 7/5/88 20 35 45 16 116 0.32 4.0 24 14 8.41 6.65 1.1
 
Rm. 5/9/89 21 18 11 <0.5 50.0 0.08 11 23 23 7.79 7.75 2.5
 
Rtn. 9/5/89 7.4 15 19 5.0 46.4 0.20 7.8 25 43 7.79 6.88 1.5
 
Rm.3/26/90 28 46 44 10 128 0.28 5.9 17 <2.2 7.57 6,83 1.2
 
Rm.6/20/90 2.8 9.6 19 17 48.4 0.39 3.7 23 60 8,09 6.99 1.3
 
Rm.8/30/90 6.1 21 39 24 90.1 0.37 2.9 24 400 7.92 7.20 1.9
 
RmlO/30/90 1.5 6.7 20 22 50.2 0.34 8.3 20 190 8.45 7.12 2.7
 
Rml2/13/90 2.5 12 33 41 88.5 0.47 2.7 15 23 8.17 7.01 2.2
 
ABBREVIATIONS: CL3=chloroform. BDCM=broraodichloromethane, DBCM=dibromochloromethane, BR3=bromoform, TTHMs=total
 
trihalomethanes, PIBRMIDE=plant influent bromide concentration, PINTU=plant influent turbidity in nephlometric

turbidity units. PITEMP=water temperature in ^C, PIMPN=plant influent bacteriological density in Most Probable
 
Number per 100ml. PIpH=plant influent pH, CWRpH=finished water (in Clear Well Reservoir) pH, RESIDCL2=total
 
chlorine residual mg/L in CWR.
 
  
TABLE 1 continued; DATABASE. Data for variables utilized in statistical calculations and nKxiel formation.
 
SAMPLES; INDEPENDENT VARIABLES;
 
PLANT/DATE PICLDOSE TWCLDOSE PITWDOSE PECLDOSE TWPEDOSE TOTALCL ALUM ZINC KMn04 POLY CARBON MOD
 
ssg/L rag/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
 
0	 0.782
A. 8/29/91 3.0 0.8	 0.7 0 4.50 100
 
5/9/89 0 0 0 0 2,00 2,00 96 0.46 0.64 0 0 3.27
 
9/5/89 0 0 0 0 2,30 2.30 96 0.48 0.58 0 0 2.70
 
0 2,41
3/26/90 0 0 0 0 2.00 2,00 84 0.50 0,50 0
 
6/19/90 0 0 0 0 2.83 2,83 29 0 0,47 2,00 0 3.39
 
^ 8/30/90 2.48 0 0 0 1,26 3.74 26 0.45 0 2.00 0 4.22
 
0 0	 3.25
E.10/10/90 0 0 0 0	 2.17 2,17 59 0.47 0
 
0 2,08
E.12/13/90 0 0 0 0	 1.87 1.87 . 67 0,48 0 0
 
E. 6/27/91 2.08 0 0 0	 1,80 3.88 82 0.47 0 0 0 2.36
 
0 0 0 3.01
E. 8/29/91 2.23 0 0 0	 1,46 3,69 88 0.48
 
0 2,65
E. 9/11/91 0 0 0 0	 3.05 3,05 85 0.48 0 0
 
3.15
E.10/10/91 0 0 0 0	 2,66 2,66 80 0,55 0 0 6
 
5/9/89 0 0 3.39 0.53 0 3.92 81 0.61 0 0 0 22.7
 
9/5/89 0 0 2,80 0.80 0 3.60 28 0.50 0 1.63 0 26.7
 
3/26/90 0 0 2.40 0.90 0 3.30 43 0.25
 0 2.00 0 12.4
 
6/19/90 0 0 50 1,00 0
 3.50 29 0,54 0 1,80 0 25.2
 
0.55 0 2.30 0 34.7
CJ 8/30/90 0 0 ,45 0.50 0 2,95 34
 
9/6/90 0 0 0 0 2.60 2,60 33 0.54 0
 2.25 2.0 33.0
 
Q,10/30/90 0 0 0 0 2,13 2.13 59 0.56 0 0 2,0 26.8
 
0,80 0 0 0 17.4
Q,12/13/90 2.50 0 0 1.0 0 3,50 69
 
0 0 12.6
*	 6/27/91 3,50 0 0 1.0 0 4.50 125 1,13 0
 
8/15/91 3,44 0 0 0.33 0 3.77 74 0.50 0 0 0 22.3
 
8/29/91 3,67 0 0 0.07 0 3,74 73 0.72 0 0 0 23.6
 
0 0 23.5
9/10/91 0 1.59 0 1.22 0 2.81 77 0 0
 
20.3
Q,10/10/91 0 1.90 0 0.86 0 2.76 79 0.49 0 0 3.0
 
0.60 0 0 3,69
 
Rm. 5/9/89 0 0 0
 
Rm. 7/5/88 0 0 0 0	 4,10 4.10 50 0.50
 
0	 4.00 4.00 43 0.55 0.68 2.00 0 4.78
 
3,23 35 0.55 0.27 2.00 0
Rm. 9/5/89 0 0 0 0 3,23 4.52
 
Rm,3/26/90 0 0 0 0 3,47 3,47 32 0.50
 1,00 2.00 0 3,05
 
Rm,6/20/90 0 0 0 0
 3.15 3,15 32 0.50 0.55 2.00 0 3.86
 
Rm.8/30/90 .60 0 0 0 1,93 4,53
 32 0,50 0,53 2.00 0 5,16
 
1.00 0 0 3.09
RmlO/30/90 0 0 0 0	 3.20 3,20 60 0.53
 
3,20 3,20 60 0.50 1.10 0 0 2.07
Rml2/13/90 0 0 0 0
 
ABBREVIATIONS; 	The first six variables indicate gaseous chlorine application point, when two points are indicated the
 
dose was split with an unknown proportion at either point. Pieplant influent, TW=treated water.prior to filters,

PE=plant effluent, after filters, TOTALCL=total amount of chlorine used, ALl^=liquid alum dose(50%alura),

ZINC^zinc orthophosphate dose, KMn04=:potassium permanganate used as a pre-oxidant, POLY=cationic polymer us^ as
 
a pre-oxidant, POLY=cationic polymer used as a coagulant aid, CARBON=powdered,activated carbon, applied at PI,

MGD=flow rate in million gallons per day, a relative indication of reaction time.
 
site were: turbidity in nepheloittetric turbidity
 
(PINTU), pH(PIpH) and tempera in °C (PiTEMP). The
 
finished drinking water quality in the clear well
 
reservoir(GWR) was measured on site for total residual
 
chlorine in mg/L (PESlDCl2) and pH (GWRpH)* The treatment
 
variables recorded were also averaged for the two days
 
preceding and sample day. The flow rate in million gallons
 
per day (MGD) relates directly to reaction time based upon
 
the capacity of each plant. The treatment variables
 
included the liquid alum dose in mg/L (ALUM), the Cationic
 
polymer in mg/L (PdLY), powdered activated carbon in mg/L
 
(GARBON) and the mg/L of the pre-bxidant potassium
 
permanganate (iayin04). The laying applied to the influent
 
of the raw water reservoir at the Rosamond plant and at the
 
plant influent to the Eastside plant. Activated Garbon was
 
added at the plant influent if used. The application points
 
and doses of chlorine used (mg/L) were also recorded (see
 
Table 1) and the total mg/L chlorine applied calculated
 
(TOTALGL).
 
GHEMIGAL ANALYSIS: The laboratory analyses performed
 
on the samples werd the total trihalomethanes (TTHMs) in the
 
GWR and plant influent bromide concentration in mg/L
 
(PIBRMIDE). The THMs were analyzed by EPA method 502.2 (Gas
 
Ghromatograph, purge and trap, Hall detector, Restek 502.2
 
capillary column). The bromide was analyzed by EPA method
 
300.0 (suppressed ion chromatography). Standard quality
 
32
 
control practices for the analytical methods included
 
quality control check samples/ 10-20% duplicate samples,
 
spiked recovery samples, calibration Curves and detection
 
limit calculations for each analysis date. The calculated
 
detection limit was consistently below the DLR (detection
 
limit for the purposes of reporting) of 0.5 ug/1 for each of
 
the four trihalomethanes. The detection limit for bromide
 
was < 0.01 mg/L.
 
STATISTICAL ANALYSIS: Accumulated data was entered
 
into the computer programs: Quatro Pro spreadsheet (Borland
 
International, Inc., SCotts Valley, CA) and SPSS/PC+
 
Studentware statistical package (SPSS, Inc., Chicago, IL).
 
Quatro Pro was utilized to graph data, sort data, and
 
perform regression analyses. The SPSS program performed the
 
more detailed statistics used to attempt to build a model to
 
predict TTHMs (dependent variable) from the various
 
independent variables. A replication of the Quatro Pro
 
spreadsheet presents the data used in this study in Table 1.
 
The dependent and independent variables tested are labeled
 
as such. On Table 1, the THMs are expressed as ug/L.
 
The SPSS regression analysis program provides the
 
correlation coefficient (R) indicating the gOodnesS of fit
 
(+1 being perfect linear correlation between the dependent
 
and independent variables). The output of the SPSS
 
regression ahalysis is given in Table 2. The regression
 
output includes the correlation coefficient (R), the
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TABLE 2: SPSS MEIUOD DISPLAY. Iftiltiple regression analysis output
 
Equation Number 1 Dependent Variable.. TOTAL
 
Variable(si Entered on Step Number
 
1.. PIBrailDE
 
2.. TOTALCL
 
3.. PldDOSE
 
Multiple R .90041
 
R Square .81073
 
Adjusted R Square .76342
 
Standard Error 10.99772
 
Analysis of Variance
 
DF Sum of Squares Mean Square
 
Regression 3 6217.13217 2072.3T739
 
Residual 12 1451.39788 120.94982
 
F = 17.13419 Sig F = .0001
 
Variables in the Equation
 
Variable B SE B 95% Confdnce Intrvl B
 
PIBFMIDE 104.244903 30.637905 37.490650 170.9992157
 
TOTALCL 8.110107 5.881208 -4.703943 20.924157
 
PICLDOSE 7.416394 2.726168 1.476584 13.356204
 
(Constant) -1.350506 23.356552 -52.240057 49.539044
 
Variable
 
Beta T Sig T
 
PIBRMIDE .485447 3.402 .0052
 
TOTALCL .232687 1.379 .1931
 
PICLDOSE .486958 2.720 .0186
 
(Constant) -.058 .9548
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constant (C) and slope (B) for each variable. This
 
information is used to compute the best fit of the data or
 
least squares line:
 
equation 8:
 
y = C + Bx
 
where: y = dependent variable»
 
X = independent variable,
 
other terms are identified above.
 
Information is provided to evaluate the regression
 
analysis such as the standard error of estimates of R, the
 
slope of each variable (SE B), and the 95% confidence
 
intervals for the slope. If the range of the confidence
 
interval of the slope includes zero, the null hypothesis
 
(there is no relationship between x and y) cannot be
 
rejected, therefore no linear relationship exists between
 
the variables (slope = 0). Additional information is the F
 
value which needs to exceed the significant F (Sig F) to
 
reject the null hypothesis, the larger the F value the
 
better the linear relationship. The t statistic is also
 
calculated and the significant t (Sig t) for two-tailed
 
significance is given. As in the F value, the t must exceed
 
the Sig t to reject the null hypothesis.
 
MODEL FORMATION: Model formation began with the
 
examination of the TTHMs and individual THMs in ug/L,
 
umoles/L, and ug C/L (ug carbon/L). The three different
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manners to express THMs were used to examine any differences
 
in species distributions. Graphs and regression analyses
 
were used to look for relationships and/or trends.
 
Quatro Pro was used to prepare graphs and calculate
 
correlation coefficients for each individual independent
 
variable paired with each dependent variable. The TTHMs and
 
individual THMs were expressed as ug/L, umoles/L or ug C/L.
 
Significant relationships were sought. All independent
 
variables with correlation coefficients (R) greater than
 
absolute 0.20 were chosen for further testing and all others
 
were discounted.
 
The variables with R greater than absolute 0.20 were
 
run on the SPSS regression program for a more complete
 
statistical profile. The F statistic, 95% confidence
 
interval for the slope and t statistic were examined. If
 
the null hypothesis was accepted under any condition the
 
variable was dropped from further inclusion in model
 
development. Since the model will predict TTHMs,
 
independent variables that survived the above tests with
 
individual THMs provided useful and interesting information,
 
but were not used in model development.
 
Once the significant independent variables were
 
identified, they were entered into multiple regression
 
analysis with every possible combination of independent
 
yariables paired with the dependent variables ug/L TTIMs,
 
umoles/L TTHMs or ug C/L TTHMs. The possibility that the
 
36
 
 data from the different plants might differentially
 
influence the results was considered, so calculations were
 
also performed as above with each of three plants
 
separately. Acton was not considered separately due to lack
 
of data.
 
The equations were then examined using Quatro Pro
 
graphs and regression analysis of the predicted values
 
versus the measured Values. The SPSS reisiduals calculation
 
was also used to test the models. The residual Value is the
 
difference between the predicted value and the measured
 
value of the dependent variable. If the model is a perfect
 
fit, the residual values are all zero. If it is a poor fit
 
residual values are large. Ninety-five percent of the
 
standardized residuals (the residual value divided by an
 
estimate of its standard deviation) should fall between -2
 
and +2 for a normal distribution. The standard deviation
 
for the residuals was also considered. Scatterplots of the
 
residuals were examined for any patterns that would indicate
 
the need for data transformation. If the variance appears
 
random the linear model is probably a good fit, if there is
 
a pattern to the variance perhaps transformation (log,
 
square root, etc.) of any of the variables may be called
 
for.
 
The final models were chosen based on their predictive
 
value as measured by the residuals and standard deviation of
 
residuals. The predicted TTHMs were calculated and plotted
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against the measured TTHMs to visually examine the models.
 
The models were then tested against measured values
 
collected at the four plants in 1992 and not included in the
 
database. Accuracy of prediction was judged to be
 
acceptable if it was within +20% of the measured value.
 
This range is based upon the EPA acceptability of
 
measurement ^ ccuracy for the THM analytical methods.
 
The suitability of using the most significant
 
independent variables as surrogates for TTHMs was evaluated.
 
The ability of the sole independent variables to predict
 
TTHMs was examined.
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RESULTS
 
The first step was to examine all data ancl look for
 
relationships. The relationship between TTHMs and
 
individual THMs expressed as ug/L, umoles/L or ug C/L is
 
illustrated in Figures 1, 2 and 3. The graphs were plotted
 
after the data was sorted in ascending order for TTHMs in
 
ug/L and every 3 data points were averaged such that the 33
 
samples are represented by 11 points. All data on the
 
following graphs that include all of the database were
 
prepared in the same manner. All samples, not averages,
 
were used in statistical calculations.
 
Figure 1 demonstrates that the manner of expression for
 
the TTHMS is not significant. In fact, the R calculated for
 
each possible pairing of these variables show a very close
 
linear relationship with values of 0.98 to 1.0, all strongly
 
rejecting the null hypothesis of no relationship.
 
A different relationship is seen in Figures 2 and 3
 
when TTHMs were paired with individual THMs. The graphs
 
illustrate the values in ug/L (Figure 2) or umoles/L (Figure
 
3) only, since the relationship of ug G/L is nearly
 
identical to that of umoles/L seen in Table 3. Table 3
 
gives the statistics generated for pairing the TTHMs with
 
individual THMs. In ug/L, umoles/L or ug C/L, all slopes
 
for the equations that rejected the null hypothesis are
 
positive. Table 3 shows the strongest relationships between
 
dibromochloromethane (DBCM) and bromodichloromethane (BDCM)
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FIGURE 1:TTHMsexpressed as ug/L, 
umoles/L and ug C/L. Averages plotted. 
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TABLE 3; FDCS^SICW ANALYSIS. THM VS TIHMs or HM VS HM.
 
Regression analysis results for individual THMis paired with
 
TIHMS, esmressed as mass ccMicentration (ug/L), molar
 
cx)ncentration (umoles/L), carbon concentration (ug C/L).
 
CL3 HXM DBCM BR3
 
TOTAL IHM R = 0.480 R = 0.848 R = 0.949 R = 0.355
 
ug/L
 
hull hy^thesis rejected rejected rejected rejected
 
MIOTAL THM R = 0.649 R = 0.934 R = 0.901 R = 0.164
 
umoleS/L

null hypothesis rejected rejected rejected ACCkfi'EL)
 
CIOTAL THM R = 0.646 R = 0.932 R = 0.903 R = 0.169
 
ug C/L

null nypoldiesis rejected rejected rejected ACCERi'EU
 
Regression analysis results for paired individual TMS.
 
Expression as mass concentration, molar concentration, or
 
carbon concentration is not significant as only one
 
compound is involved.
 
CL3 BDCM DBCM BEt3
 
CL3 R = 0.795 R= 0.300 R = -0.486
 
null hypothesis rejected ACCERi'ED rejected
 
HXM R = 0.795 R = 0.769 R = 0.170
 
null hypothesis rejected rejected ACCEfllD
 
DBCM R = 0.300 R = 0.769 R = 0.336
 
null hypothesis ACCEPi'ED rejected ACCEPTED
 
BR3 R = -0.486 R = 0.170 R = 0.336
 
null hypothesis rejected ACCKfI'EU ACCEPTED
 
Null hypothesis:
 
AC3CEPTED = 95% confidence, no linear relationship
 
exists between the variables.
 
rejected = 95% confidence, a linear relationship
 
exists between the variables.
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contributing to TTHMs which remain fairly constant in all
 
three coriclitions. Ghloroform (CL3) has a weaker
 
relationship with TTHMs when considering the mass
 
concentrations, but becomes stronger when looking at
 
umoles/L or ug C/L. Bromoform (BR3) tends toward the
 
opposite direction, so that a slight relationship with TTHMs
 
when considering mass becomes weaker when considering
 
umoles/L or ug C/L and the null hypothesis cannot be
 
rejected.
 
The relationships that exist between the individual
 
THMs is also demonstrated on Table 3. CL3 has a positive
 
linear relationship with BDCM and an inverse or negative
 
relationship (slope) with BR3. The only other linear
 
relationship is a positive one between DBCM and BDCM.
 
Correlation coefficients were computed between all
 
independent and dependent variables. A correlation table
 
for all possible combinations of variables was prepared, as
 
were scatterplots of data to look for trends. TTHMs were
 
tested separately as ug/L, umoles/L ahd ug C/L, but this is
 
unnecessary for the individual THMs since the three
 
different ways of expression all represent the same quantity
 
when only one compound is involved.
 
The individual THMs and TTHMs as dependent variables in
 
relation to the three strongest independent variables is
 
shown in Table 4 and illustrated by Figures 4, 5 and 6.
 
Figures 4 and 5 illustrate the independent variables
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PIBRMIDE and PICLDOSE in relation to the TiDls expressed as
 
ug/L since these were the stronger R values (Table 4).
 
Figure 6 plots the umoles/L THMs versus the TOTALCL since
 
this relationship exhibited a slightly stronger R. All
 
slopes of the correlations were positive except for a
 
negative slope representing the inverse correlation between
 
CIj3 and PIBRMIDE. The only chlorine appiication point that
 
had a clear-cut relationship with the dependent variables
 
was the plant influent^ Table 4, Figure 5. The other
 
relationships between the dependent arid independent
 
variables with R greater than absolute 0.20 that survived
 
the tests for accepting the null hypothesis were PINTU and
 
PITEMP with BR3 (R = 0.37 and R — 0.45 respectively, both
 
with negative slopes).
 
Similar data manipulations were performed with each of
 
three of the plants treated separately. The Rosamond plant
 
data yielded no relationships between the independent
 
variables and'TTHMS (tested as ug/L, umoles/L and ug C/L).
 
In fact only two correlations survived the tests for the
 
null hypothesis: PIBRMIDE with BR3 (R=0.917) and PINTU with
 
BR3 (R=0.724). The Eastside and Quartz Hill databases
 
yielded more correlations greater than absolute 0.20 which
 
also survived the tests for accepting the null hypothesis.
 
Table 5 shows the Correlations found. Since the
 
correla-t^bns and regression statistics were very nearly
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T2VBLE 4: 	REERESSIC^f ANALYSIS.
 
UM or TIHMS vs Ind^)endenit Variables.
 
Regression analysis results for TfflMs and
 
individual IHMis as d^endent variables paired

with the strongest ihd^)endent variables found.
 
»

INDEPHOENT:
»
 
DEPENDENT: 
PIBRMIDE PldDOSE 
TOTALCL
 
TOTAL THM 
R=0.509 R=0.616 R=0.624
 
ug/L
 
null hyjxathesis 
rejected rejected 
rejected
 
MTOTAL HM 
R=0.340 
R=0.584 
R=0.686
 
umoles/L

null hypothesis 
ACCEPTED rejectai 
rejected
 
CTGTAL TEM R-0.344 
R=0.585 
R=0.685
 
ug C/L

null hypothesis 
ACCEPIED rejected 
rejected
 
CL3 R=-0.373 
R=0.143 
R=0.593
 
null hypothesis 
rejected rejected 
rejected
 
HXM 
R=0.060 
R=0.506 
R=0.699
 
null hypothesis 
rejected 
rejected rejected
 
DBGM 
R=0.542 
R=0.740 
R=0.597
 
null hypothesis 
rejected 
rejected 
rejected
 
BR3 
R=0.853 
R=0.123 
R=0.137
 
null hypothesis 
rejected 
ACCiarjiU 
ACCEFi'jaJ
 
NUll hypothesis:
 
ACCEPTED =95% confidence, no linear relationship
 
exists between the variables.
 
rejected =95% confidence, a linear relationship
 
exists between the variables.
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FIGURE4: THMsand TTHMsvs Bromide 
Concentration. Averages plotted. 
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FIGURE 5: THMsand TTHMs vs
 
PI Chlorine Dose. Averages plotted.
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FIGURE6: THMsand TTHMsvs Total 
Chlorine Dose. Averages plotted. 
50 
-100 
40 
-90 
35 
OT -80 (0 
30 
X X 
I­ 25 t= 
O) 
3 20 
-60 
O) 
3 
4^ 15 
VD 
-50 
10 2S. 
-40 
30 
2.0 2.7 3.1 3.5 3.8 4.5 
2.2 2.9 3.2 3.7 4.0 
mg/LTOTAL CHLORINE DOSE 
CL3 BDCM DBCM 
BR3 ■- TTHM 
TABLE 5: 	RBGRESSIOJ ANALYSIS. Eastside emd Quartz Hill:
 
THMs or TlHffe vs Independent Variables.
 
R values given vtiere the null hypothesis was rejec±ed.

All correlations have a positive slc^. Data was
 
sqparated 	into individual plant databases.
 
EASTSIDE DATABASE
 
INDEPENDEWTi1
 
DEPENDENT: PIBBMIDE PICEDOSE TOTALdi PIMPN
 
TOTAL THM R = 0.645 R = 0.700 R = 0.810 R =0.662
 
ug/L
 
MIOTAL THM R = 0.770 R = 0.868 R = 0.693
 
umoles/L
 
CTGTAL THM R = 0.769 R = 0.866 R = 0.693
 
\ig G/L
 
CIS R = 0.844 R = 0.773
 
HXM R = 0.848 R = 0.915
 
DBCM R = 0.728 R = 0.886
 
BR3 R = 0.941
 
onAPTZ HTT.T, DATABASE
 
INDEPENDENT:t
 
DEPENDENT: PIBRMIDE PICEDOSE TOTALCL PINTU
 
TOTAL THM R= 0.652 R = 0.905
 
i;ig/L
 -

MTOTAL THM	 R = 0.920 R = 0.633
 
umoles/L
 
CTOTAL THM R = 0.920 R = 0.630
 
ug e/L
 
CL3 R = 0.758 R = 0.810
 
HXM R = 0.788 R = 0.705 R = 0.653
 
DBCM R = 0.680 R =0.894
 
BR3 R = 0.746
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identlGal when considering umoles/L and ug C/L, only
 
umoles/L was used in further model development.
 
To attempt to form an Eastside predictive model for
 
TTHMs the independent variables PIBRMIDE (mg/L), PICLDOSE
 
(mg/L), TOTALCl (mg/L), and PIMPN were entered into
 
regression analysis in all possible combinations of 2, 3 and
 
4 independent variables and as ug/L TTHMs or umoles/L TTHMs
 
for the dependent variable. Four equations for ug/L TTHMs
 
yielded R >0.9 and the residuals and residual scatterplots
 
were examined before determining the best equation
 
(R=0.941);
 
Model El: uug/L TTHMS = -60.9712+33.6312(T0TALCL)+
 
120.4933(PIBRMIDE) +
 
0.4793(PICLDOSE) - 0.007290(PIMPN)
 
Three equations with R >0.9 were tested for residuals and
 
the best equation for umoles TTHM was found to be (R=0.942):
 
Model E2: umoles/L TTHMs = -0.29999 + 0.1830(TOTALCL) +
 
0.4579(PIBRMIDE) +
 
0.008067(PICLDOSE) ­
4.1878 X 10"^(PIMPN)
 
The F values and residual data were nearly identical for
 
both equations. The measured and predicted TTHMs using
 
these equations are illustrated in Figure 7.
 
 140 
FIGURE7; Measured vs Predieted TTHMs 
by El and E2. Averages plotted. 
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The Quartz Hill data yielded similar signifiGant
 
independent variables as Eastside with the exception of
 
PIMPN for which the null hypothesis could not be rejected
 
with 95% confidence (Table 5). The three variables tested
 
for inclusion into an equation for TTHMs were; PiBRMIDE,
 
PXCIjDOSE, TOTALCL. Every possible combination was tested
 
with ail but one pair (PIBRMIDE, TOTALCL) yielding R >0.90
 
for either ug/L or umoies/L TTHMs. After examining the
 
residuals and scatterplots it was determined the following
 
were the best equations:
 
Model Ql: ug/L TTHMs =30.3423 +1.1938(TOTALCL) + 60.3345
 
(PIBRMIDE)+ 11.2827 (PICLDOSE)
 
Model Q2: umoles/L TTHMs = 0.1416 +0.02885 (TotalCL) +
 
0.1335(PIBRMIDE) + 0.06126(PICLDOSE)
 
The R for the first equation is 0.930, for the second
 
R = 0.926. The F tests and residual statistics were very
 
similar for both equations. Figure 8 shows the relationship
 
between measured TTHMs and the TTHMs predicted by the above
 
equations.
 
A predictive model based on all data in the database
 
was then attempted. Table 4 shows the three independent
 
variables found to have a linear relationship (the null
 
hypothesis was rejected) with TTHMs for all data. Every
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 140 
FIGURE8: Measured vs Predicted TTHMs 
by Q1 and Q2. Averages plotted, 
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possible combination of the variables was entered into
 
regression analysis. The final models for all data in the
 
database are:
 
Model 1: ug/L TTHMS = -32.8234+19.3378 (TOTALCL) +
 
114.6749(PIBRMIDE) +
 
2.9133(PICLDOSE)
 
Model 2: umoles/L TTHMs = -0.1871 +0.1268 (TOTALCL) +
 
0.3962(PIBRMIDE) + 0,01325(PICLDOSE)
 
The first equation R= 0.790, the Second equation has a
 
slightly weaker linear relationship with and R = 0.754. The
 
predicted versus measured data for the above equations is
 
shown in Figure 9.
 
Examination of the fit of all six models on each sample
 
in the entire database found the two Quartz Hill models had
 
the best fit for the most samples, having the smallest
 
residual for 16 of the 33 samples, 9 of the 16 were from the
 
13 Quartz Hill plant samples. The Eastside models were next
 
with 10 of the smallest residuals, 6 of which were from the
 
Eastside plant samples. When a model fit the data best in
 
ug/L TTHMs, the same model for umoles/L TTHMs was also the
 
best fit (i.e. when Q1 was best for a sample, so was Q2). A
 
slight pattern was apparent; the Models l and 2 were
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 140 
FIGURE9: Measured vs Predicted TTHMs 
by Models 1 and 2. Averages plotted. 
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generally better predictors for lower TTHMs and the El and
 
E2 models were best for the highest TTHMs.
 
The Q models were the best overall predictors for the
 
samples in the database. The Q2 model predicted with + 20%
 
of the measured values in 70% of the database and Q1
 
predicted as well for 1 less datapoint (67%). Models 1 and
 
2 predicted within + 20% for 55% of the 33 samples. E2 was
 
only as close for 42% of the database While El predicted
 
within + 20% for jiist 21% of the database.
 
The models were tested against 1992 data for predictive
 
accuracy on data hot included in the model formation. Table
 
6 gives the new raw data for the 18 samples. Figures 10 and
 
11 illustrate the fit of the predicted values to actual
 
TTHMs. The residuals showed the El and E2 models were
 
closest for the higher measured TTHMs, but were best for
 
only 5 and 3 samples respectively. Model 1 was best for 9
 
samples and Model 2 for 8, both predicting better for TTHMs
 
values in the mid-range. Q1 predicted closest for 4 samples
 
including the 2 lowest TTHMs. Q2 performed better than Q1
 
but showed a similar trend in having the lowest residuals
 
for 7 values, all in the lower range of TTHM values.
 
Model 1 yielded predicted TTHMs Within ± 20% of the
 
measured values in 11 of the 18 new samples (61%), one
 
sample more than Model 2 (56%). The Model 1 missed the two
 
highest TTHMs, 113 and 140 ug/L by 26% and 36% respectively.
 
Models Q1 and Q2 predicted within + 20% for 44%, or 8, of
 
57
 
TABLE 6; 1992 DATA.
 
Eaw data for 1992 samples. Ihese sanples were not
 
included in the database employed for model development.

This new data was vised to validate the models develc^jed.
 
MEASURED
 
PLANT/DATE TOTAIiCL PldDOSE PIBRMIDE PIMPN
 
Q.	 1/23/92 2.33 0.45 130
 
E.	 1/23/92 1.02 0.27 30
 
A.	 1/23/92 2.40 1.46 0.46 4
 
Em.	 4/9/92 3.70 0.50 <2
 
4/9/92 3.69 0.47 4
§•
E.	 4/9/92 3.22 0.48 30
 
A.	 4/9/92 3.40 2.07 0.44 4
 
5/28/92 2.70 0.35 5000
 
7/30/92 3.29 0.34 1400
 
7/30/92 3.56 0.34 4000
 
7/30/92 2.79 0.34 5000
 
A.	 7/30/92 4.00 0.34 5000
 
Em	 11/5/92 2.90 0.47 11
 
11/5/92 2.63 0.47 13
 
11/5/92 2.90 0.50 24
 
A. 11/5/92 3.50 0.48 23
 
Rm.12/22/92 3.55 0.38 13
 
A. 12/22/92 2.30	 0.35 8
 
!SSms
 
60.0
 
47.8
 
63.9
 
81.0
 
91.7
 
70.4
 
139.6
 
66.1
 
100.0
 
78.2
 
87.9
 
113.3
 
87.5
 
65.9
 
73.0
 
103.4
 
80.4
 
67.8
 
vraioles/L
 
Mnnife
 
0.264
 
0.213
 
0.310
 
0.392
 
0.466
 
0.339
 
0.707
 
0.341
 
0.534
 
0.404
 
0.442
 
0.602
 
0.400
 
0.287
 
0.322
 
0.478
 
0.385
 
0.314
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FIGURE 10: 1992 Measured vs Predicted 
TTHMs as ug/L All new data plotted. 
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FIGURE 11: 1992 Measured vs Predicted 
TTHMsas umoles/L All new data plotted 
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 the 1992 samples. El predicted within +20% for only 7
 
(39%) values in the new data and E2 was even worse with only
 
5 (28%) predictions within limits. Both E model predicted
 
within 24% for highest TTHM value of 140 which were the
 
closest estimates from any of the models.
 
The three independent variables found to be significant
 
for the entire database were examined for their individual
 
relationship with ug/L TTHMs. The data in Table 4 shows the
 
correlation coefficients for each independent variable. The
 
slope (B) and constant (C) obtained from the SPSS program
 
can be used to calculate a predicted TTHM value from a known
 
independent variable value using the equation for the best
 
line given previously. Using this method the PIBRMIDE
 
equation predicted ug/L TTHMs within + 20% for 36% of the 33
 
measured values in the database. The PiCLDOSE equation
 
predicted within ± 20% for 8 of the 9 cases where PICLDOSE
 
was >0. TOTALCL alone predicted within + 20% of measured
 
TTHMs for 45% of the entire database.
 
The individual independent variables predicted slightly
 
better for the 1992 data. TOTALCL calculated TTHMs were
 
within +20% for 8 of the 18 new samples (44%). PIBRMIDE
 
predicted within + 20% for 9 of the 18 samples (50%). Two
 
of the new data samples utilized PICLDOSE, but the
 
independent yariable equation calculated TTHMs were 22% and
 
39% off from the measured TTHMs.
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DISCUSSION
 
The first relationship exainihed was the manner of
 
expression of TTHM concentration. Figure 1 and the
 
correlation coefficients of 0.98 to 1.0 demonstrated that
 
there is no significant differerice seen when TTHMs are
 
expressed as ug/L/ umoles/L or ug C/L. Several authors have
 
reported similar ihsignificance when reporting TTHMs as ug/L
 
versus umoles/L (130,131/132). As TTHMs increased the
 
nvimber of moles and the amount of carbon incorporated
 
increased proportionately in the data examined.
 
Table 3 and Figures 2 and 3 illustrate each THM's
 
relationship to TTHMs. It is interesting to note that the
 
amount of BDGM and DBGM increase rather consistently with
 
TTHMs. This holds true for mass, molar or carbon
 
concentrations. When GL3 is examined, a mediocre
 
relationship in mass concentration is replaced by a stronger
 
correlation to TTHMs when molar and carbon concentrations
 
are observed. As moles of TTHMs increase the amount of GL3
 
does also. The difference observed in the mass
 
concentration is no doubt due to the slight atomic weight of
 
GL3 (119.377) compared to the remaining THMs; BDGM
 
(163.828), DBGM (208.280) and BR3 (252.731).
 
The heaviest weight of BR3 is undoubtedly the reason
 
the slight linear relationship exists between ug/L TTHMs and
 
BR3. When moles or incorporated carbon are examined, BR3
 
does not increase significantly with increasing TTHMs^
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The relationships between the individual THM species is
 
interesting as well (Table 3), The higher chlorine
 
containing compounds CL3 and BDCM show a positive
 
correlation (0.795) as does BDCM with DBCM (0.769). The
 
only linear relationship BR3 has is with CL3 and this is an
 
inverse relatiohship. The fact that When BR3 increases
 
there is a decrease in CL3 has been Observed historically on
 
the AVER data and can be seen on Figures 2 and 3.
 
The above relationships become factors in the next
 
correlation table produced. Table 4 shows the relationships
 
of the sighificaht independerit variables. The fact that the
 
PIBRMIDE correlates strongly with BR3 and only the TTHMs
 
when expressed as mass concentration echoes the relationship
 
of BR3 to TTHMs discussed earlier. The increase in the
 
heavier BR3, due to PIBRMIDE, affects the weight of TTHMs
 
but does not have a strong effect on increasing the number
 
of moles of product. The negative slope of the correlation
 
of PIBRMIDE with CL3 is similar to the negative correlation
 
between CL3 and BR3.
 
The independent variable PICLDOSE has a positive
 
significant correlation to all the THMs except BR3. Its
 
strongest correlation is with DBCM, the second heaviest THM
 
(Table 4). In Table 3, DBCM had strong linear correlations
 
with all expressions of TTHMs but its strongest was to the
 
mass concentration. The same relationship is seen in the
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 PICLDOSE with mass conGentrationjOfTTHMs having a slightly
 
higher R than the molar or carbon concentrations.
 
The third important independent variable is TOTALCL.
 
This variable is most strongly Gorrelated to BDCM but also
 
has positive relationships with CL3 and DBCM. Like CL3,
 
BDCM (the second lightest in atomic weight), was more highly
 
correlated with the molar or carbon expressions of TTHMs
 
(Table 3). The same relationship holds true for TOTALCL, a
 
positive correlation with mass concentration gets slightly
 
stronger when moles or carbon incorporation is considered
 
(Table 4).
 
The independent variables found to be significant
 
(R > 0.20, null hypothesis rsjected) for the entire database
 
relate to the TTHM concentration in a similar manner as the
 
individual THM with which its highest correlation exists.
 
Slightly different reiatibnsbips were observed when the
 
database was split into plant samples.
 
There were only 8 samples from the Rosamond plant.
 
Perhaps the lack of correlations was due to small sample
 
number or the uniqueness of the Rosamond plant. The
 
Rosamond plant is a 14 MGD capacity conventional treatment
 
plant. The plant influent water quality s^ch as PIBRMIDE,
 
PIMPN, PINTU and PIpH can vary from the three other plants
 
in this study due to a 6 million gallon raw water reservoir.
 
This reservoir is in use most of the time and during all
 
sample periods in this study, KMn04 was applied at the raw
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water reservoir inlet at rather low dosages (in all cases
 
<1.2 mg/L). During the day the GWR is filled for a night­
time pumping schedule. The lack of correlation with
 
PICLDOSE, which was a significant variable at the other
 
plants, is probably due to only one of the samples had this
 
condition. Chlorination is routinely applied in combination
 
to the TW and PE and specific percentage delivered at each
 
point is unknown. The correlation found between PIBRMIDE
 
and BR3 (R=0.92) is similar to the correlation discussed
 
earlier. The correlation between PINTU and BR3 (R=0.72) may
 
be the indirect effect of the stronger correlation between
 
PINTU and PIBRMIDE (R=0.86) rather than a direct
 
relationship with BR3.
 
The Eastside (11 samples) and Quartz Hill (13 samples)
 
databases yielded correlations similar to the ones found
 
when the entire database was examined. The PIBRMIDE
 
independent variable again showed a significant relationship
 
to the mass of TTHMs but not to the molar or carbon
 
concentration as displayed in Table 5. The strong
 
correlation between PIBRMIDE and BR3 was observed in both
 
databases as it was in the combined database. The PICLDOSE
 
had the strongest relationship to DBCM in the Q data as in
 
the entire database, but the relationship was stronger to
 
BDCM and CL3 followed by DBCM in the E data. The PICLDOSE
 
shifted slightly also, the stronger correlation was found
 
between PICLDOSE and molar or carbon concentrations of
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 TTHMs. This may be due to the faGt in the E data, PICLDOSE
 
was used only 3 times which corresponded to the 3 highest
 
TOTALCL samples.
 
TOTALCL behaved similarly to the original data in the E
 
data, having a stronger relationship to the more highly
 
chlorinated species and therefore "to the molar or carbon
 
concentrations of TTHMs. This trend was quite apparent in
 
the Q data where no significant correlation was found
 
between TOTALCL and ug/L TTHMs.
 
Two additional variables, a different one in each
 
database, surfaced with the separation of data (Table 5).
 
PIMPN, which was used as an indication of biological and
 
microbiological activity (based on historical observances)
 
correlated with TTHMs in the E data. However, it did not
 
correlate well with any of the individual THMs. PINTU, also
 
used as an indication of source water quality did correlate
 
with two of the individual THMs in the Q data. Because
 
PINTU had no significant correlation with any form of TTHMs
 
it was not entered into the modeling process.
 
Determining the variables that most influence the
 
formation of THMs is the first step in making significant
 
reductions in their formation. Model development helps
 
elucidate the relative contributions of each variable. Most
 
researchers agree temperature, pH, precursor source and
 
concentration, reaction time, chlorine dose and bromide
 
concentration all influence the THM equation. This study
 
■ ■ ■■ 66 
uncovered some unusual results in light of "known"
 
relationships. The uniqueness of this study lies in the use
 
of empirical data wherein many variables are varied in
 
different amounts and directions simultaneously. This leads
 
to more complex results than the traditional laboratory jar
 
test or pilot plant experiment where all variables are held
 
constant while only one or two parameters are changed.
 
Temperature, for instance, has been shown to correlate
 
with the formation of THMs. However, in this data when the
 
temperature was lowest, the bromide concentration was
 
highest. This is a known occurrence in the source water due
 
to the recent drought conditions and pumping schedules in
 
the California Aqueduct (24,25). In fact, for the entire
 
database the correlatlpn coefficient for PIBRMIDE and PITEMP
 
was R=0.39 with a negative slope (inverse relationship).
 
The lack of influence of pH could be due to the small
 
changes seen in pH in the samples. The range of PIpH for
 
all samples was 7.45 to 8.56 and the GWRpH range was 6.60 to
 
7.75 (Table 1). The PINTU range was also limited 1.6 to 12
 
NTU. The lack of significance may be due to lack of range
 
or by the multiple factors in play for these data.
 
This study does not include a measurement of the
 
precursor concentration and source. The measures taken as
 
an indication of biological activity and general raw water
 
quality were PIMPN and PINTU which would be expected to
 
correlate in a positive direction with TTHMs. Once again,
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PIBRMIDE may have masked any possible significant
 
contribution of these variables. PINTU was found to
 
decrease with increasing PIBRMIDE (R=o.42) and PIMPN had a
 
similar relationship. Of course, PINTU and pIMPN are both
 
positively correlated with PITEMP discussed previously, so
 
the overwhelming influence of PIBRMIDE seems evident.
 
The reaction time is another variable that did not
 
prove as significant as expected. MGD was used es a measure
 
of flow rate which can be considered a measure for the
 
reaction time. This is only a valid measure for each plant
 
considered separately, huh even then no significance was
 
observed. The ranges for each plant were: foa=2.07 to 5.16,
 
E^2.08 to 4.22, and Q=12.4 to 34.7 MGD. Mb relationships or
 
trends could be seen for MGD, the multiplicity of parameters
 
or lack of range could be the reason.
 
The chlorine dose did prove to be a significant factor.
 
The point Of chlorination when it was at the plant influent,
 
before any precursors had been removed by Coagulation and
 
sedimentation, was also significant. The mixed doses,
 
especially those where the dose was split in some
 
undetermined proportion between the PI and TW, may have
 
proven to be significant if the actual chlorine dose at each
 
point could have been entered into the database. This
 
factor may also contribute in a large part to the
 
variability of the predictive models.
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The plant influent bromide concentration is shown to be
 
the important factor it has been reported to be. If the
 
actual bromide concentration at the point of chlorination
 
with known doses of chlorine Could be separated out, an even
 
more powerful correlation would be expected.
 
The lack of correlation for.KMn04 use is surprising
 
until the database is examined. It was used at the plant
 
influent at Eastside only 4 times and never at Quartz Hill.
 
The use at Rosamond is misleading because of the application
 
point. KMn04 may Serve to help control biological growth in
 
the raw water reservoir but it has not proved to be a strong
 
enough oxidant to have any effect on TTHMs when used in this
 
manner. A benefit would be to enable the use of lower
 
TOTALCL in the treatment process but this has not been
 
realized.
 
The significant variables tested for inclusion into
 
models for the prediction of TTHMs were PlBRMIDE, PICLDOSE
 
and TOTALCL for all databases. The E data also included
 
PIMPN. Since all variables had virtually the same
 
statistics for umoles/L and ug C/L all calculations were
 
performed using ug/L or umoles/L only.
 
The final models resulted in six equations, two per
 
database. Scatterplots of residuals and data yielded no
 
indication of any transformations to increase the
 
correlations and predictive ability of the equations. The
 
simple linear mathematical equations were then tested
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against the entire database and samples not included in the
 
database. Figures 7, 8 and 9 illustrate the predictive
 
ability of the models. These graphs were developed like the
 
earlier graphs, with the averages of every 3 samples
 
arranged in ascending TTHM order, some variability in the
 
graphs may be attributable to this method.
 
The examination of each sample in the database and new
 
data proved the Q models to be the best overall predictors
 
of TTHMs. Models 1 & 2 predicted next best in the database,
 
and better in the new data tested. El and E2 proved to be
 
not suitable for use as for accurate predictions in most
 
cases.
 
The model was determined to predict well if it came
 
within + 20% of the measured value. The independent
 
variables were measured in the same way. TGTALGL was found
 
to predict TTHMs in 45% and PIBRMIDE in 41% of all samples
 
(33 in database and 18 new). PICLDOSE alone predicted very
 
well when PICLDOSE was in use (only 11 cases total, 9 in
 
database).
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CONCLUSIONS
 
The best overall models turned out to be the two
 
developed on the Quartz Hill (Q) database (Q1 and Q2).
 
These models predicted within + 20% of the measured TTHMs
 
for 70% (Q2) and 67% (Ql) of the samples in the database.
 
Of the new samples not used in the database, 44% of the
 
values were predicted within + 20% by Ql and Q2:
 
Model Ql: ug/L TTHMs = 30.3423 + 1.1938(TOTAIiCL) +
 
60.3345(PIBRMIDE) +
 
11.2827(PICLDbSE)
 
Model Q2: umoles/L TTHMs = 0.1416 + 0.02885 (TOTALCL) +
 
0.1335(PIBRMIDE) + 0.06126(PXCLDOSE)
 
The Model 1 proved to be the best predictpr for the new
 
data values (61%) with Model 2 within +20% for 56% of the
 
new data values.
 
Model 1: ug/L TTHMs = -32.8234 + 19.3378 (TOTALCL) +
 
114.6749(PIBRMIDE) +
 
2.9133(PlCLDOSE) "
 
Model 2: umoles/L TTHMs = -0.1871 + 0.1268 (TOTALCL) +
 
0.3962(PIBRMIDE) +0.01325(PICLDOSE)
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The variability in the entire database may haiVe come
 
from including the Rosamond (Rm) data. When separated the
 
Rm data did not exhibit the same correlations within as did
 
the Q and Eastside (E) data.
 
The.model development helped elucidate the relative
 
contributions of each of the independent variables tested.
 
The relationships between the independent variables and the
 
individual THMs is the basis for the relationships found
 
between the independent variables and TTPIMs. This knowledge
 
helps clarify how the independent Variables influence final
 
TTHM concentrations.
 
The total chlorine dose in mg/L (TOTALCL) proved to be
 
the most significant influence on TTHMs of those studied.
 
An increase in TOTALCL results in increasing the mass
 
concentratipn of TTHMs. However, TOTALGL has an even
 
stronger positive correlation with total moles of TTHMs and
 
amount of carbon incorporated into TTHMs. How this occurs
 
can be seen in the positive relationships between TOTALCL
 
and chloroform (CL3), bromodichloromethane (BDCM) and
 
dibromochloromethane (DBCM). This lies in the fact that
 
with more available chlorine to form substitutions into the
 
organohalides, the more cliihrinated by-products are formed.
 
The lighter weight of the incorporated chlorine (as opposed
 
to bromine) does not have as much impact on the total mass
 
as it does on the total number of moles formed.
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The signlfiGance of chlorine is strengthened when point
 
of application is at the plant influent (PICLDOSE). If
 
chlorine is applied at the plant influent, before any
 
treatment has removed precursor material, the TTHMs are
 
increased. The higher the dose, the more TTHMs are formed,
 
no matter how they are expressed. In the separated data,
 
the relationship between increasihg PICLDOSE and moles of
 
TTHMs or incorpdrated carbon is stronger than for mass, as
 
seen above for TOTALCL. IWien the entire database is
 
observed, a strdng correlation was found between the second
 
heaviest THM, DBCM, and PICLDOSE such that the influence was
 
about equal on all forms of TThm expressioh.
 
The bromide cdncentration(PlBRMIDE) was found to be a
 
significant Contributor to ug/L TTHMs. This is accomplished
 
by increasing the amount of bromoform (BR3), the heaviest of
 
the TTHMs. An additional relatidnship was also seen in the
 
Q data where PIBRMIDE increased the amount of the second
 
heaviest THM, DBCM. These relationships are similar to
 
chlorine as discussSd earlier. The more bromine available
 
for incorporation into organohalides, the more brominated
 
THMs will be formed. In fact, the kinetics of the reaction
 
as discussed earlier have been shown to produce the
 
brominated species quicker and preferentially when bromide
 
is present.
 
PIBRMTDE did hot prove to be valuable for use as a
 
surrogate for TTHMs. The correlation with BR3 and DBCM is
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significant, and it does show a positive relationship with
 
increasing ug/L TTHMs, but this alone is not ehough for
 
PIBRMIDE to accurately predict TTHMs.
 
The fact that PIBRMIDE does not have a sighifieant
 
relationship with moles of THMs or amount of carbon
 
incorporated into TTHMS is interesting. Bromide is thought
 
to be incorporated preferehtially into the THMs. The
 
negative relationship between CL3 and BR3 seems to confirm
 
this. While no more moles of product are fprmed or carbon
 
incorporated in TTHMs, the mass is increased with increased
 
PIBRMIDE. Bromoform is formed at the expense of chloroform
 
when bromide is present.
 
The purpose of this study was to develop a predictive
 
model for conventional treatment of the Galifornia Aqueduct
 
source wateir. Most predictive modeling efforts have been
 
found to be source specific. This model may not be as
 
accurate as desired for other sources because there is no
 
variable representing precursor materials or concentrations.
 
The predictive ability of the best model was found to
 
be valid for 61% of the new samples not included in the
 
database. This model will prove useful as a baseline to
 
judge what the expected TTHMs should be and help in the
 
evaluation of changes in source water quality or varying
 
treatment parameters.
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APPENDIX A; ABBREVIATIONS
 
A: Acton Water Treatment Plant
 
ALUM: Aluminum sulfate
 
AWWA: T^erlean Water Works Association
 
AVEK: Antelope Valley East Kern Water Agency
 
BDCM: Bromodichloromethane
 
BR3: Bromoform (Tribromomethane)
 
CARBON: Powdered Activated Carbon
 
CL3: Chloroform (Trichloromethane)
 
ClOj: Chlorine Dioxide
 
CWR: Clear Well Reservoir (finished water)
 
CWRpH: Clear Well Reservior pH
 
DBCM: Dibromochioromethane
 
DBPs: Disinfectibn By-products
 
E: Eastside Water Treatment Plant
 
ECP: Extracellular products
 
EPA: United States Environmental Protection Agency
 
KM11P4: Potassium permanganate
 
MCL: Maximum Contaminant Level
 
M6D: Millibn gallons per day
 
mg/L: milligrams per liter
 
ug/L: micrograms per liter
 
ug C/L: micrograms Carbon per liter
 
umoles/L: micromoles per liter
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MPN: Most Probable Number per 100 milliliters, an estimate
 
of baqterial density.
 
NORS: National Organics Reconnaissance Survey
 
NTU: Nephlometric Turbidity Units
 
PI: Plant Influent
 
PIBRMIDE: Plant Influent Bromide Concentration in mg/L
 
PIMPN: Plant Influent Bacterial Density in MPN
 
PIMTU: Plant Influent Turbidity in NTU
 
PIpH: Plant Influent pH
 
PITEMP: Plant Influent Temperature in "C
 
POLY: Cationic polymer
 
Q: Quartz Hill Water Treatment Plant
 
RESIDCL2: Total residual chlorine in the CWR
 
Rm: Rosamond Water Treatment Plant
 
SDWA: Safe Drinking Water Act
 
THMs: Trihalomethanes (BR3, CL3, BDCM and DBCM)
 
TTHMs: Total Trihalomethanes; the sum of all four compounds
 
TOG: Total Organic Carbon
 
TOTALCL: Total chlorine dose applied during treatment
 
UV: Ultraviolet light
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